The adsorption of dodecanethiol [CH3(CH2)11SH] films on Cu(110) by vapor deposition under ultrahigh vacuum conditions has been studied by means of thermal desorption spectroscopy, scanning tunneling microscopy, X-ray photoelectron spectroscopy (XPS), and low-energy electron diffraction with a special emphasis on the structural changes accompanying the transition from a physisorbed monolayer to a chemisorbed saturation structure. Adsorption at 110 K leads to the formation of an ordered physisorbed layer with flat-lying thiol molecules. Upon room-temperature deposition, initially an ordered pinstripe phase is formed which may be a molecular double layer. This layer transforms with time into a stable saturation structure of upright-tilted thiolates in a local c(2 × 2) arrangement that exhibits a long-range c(12 × 16) modulation, attributed to a Moiré pattern. The XPS measurements show that the roomtemperature saturation structure contains a fraction of sulfide species formed by partial decomposition and desorption of alkyl chains. At 400 K, the thiolate monolayer desorbs dissociatively, eventually resulting in a p(5 × 2) sulfur structure.
Introduction
Ultrathin molecular films, or self-assembled monolayers (SAMs), have attracted considerable interest, not least because of their promising technical applications in different fields such as lubrication, corrosion protection, high-resolution lithography, or biochemical surface functionalization. 1 To date, the main body of data has been collected for monolayers of alkanethiols [CH 3 (CH 2 ) n-1 SH] on Au(111), partly because this system is considered to be prototypical for SAM formation, but also because such films are comparatively easy to prepare by immersion of a gold sample into a thiol solution.
2,3
Using an alternative preparation method, vapor-phase deposition, it has proven possible to trace the individual steps by which SAMs form in such systems, starting from mobile, physisorbed thiol molecules followed by dehydrogenation to chemisorbed thiolate species. [4] [5] [6] Whereas no lateral ordering has been observed for the physisorbed alkanethiol molecules, a highly ordered "pinstripe" thiolate phase, formed from molecules adsorbed with their backbones nearly parallel to the surface, has been identified at low coverages. With increasing coverage, several thiolate phases are formed, accompanied by a continuous molecular upright tilting until a homogeneous and wellordered close-packed thiolate saturation phase is formed. 7 This transition can be reversed by partial desorption from the saturated monolayer. [8] [9] [10] Compared to the case of gold, significant differences have been observed for alkanethiol films on other transition metals such as copper. For example, an adsorptioninduced reconstruction has been found for the Cu(111) surface, 11 and a coexistence of thiolate and sulfide species has been identified in the saturated monolayer on Cu(100). 12 Such observations demonstrate the need to extend the existing database on the ordering mechanisms and properties of thiolate monolayers to a larger range of substrates.
The current picture of the formation of alkanethiol SAMs on Cu surfaces follows that for Au with some deviations. Physisorbed alkanethiol molecules have been shown from He atom scattering to lie flat on copper surfaces, but no lateral ordering has been observed for these films. 13 No ordered low-coverage thiolate phase with molecules lying prone on the surface has hitherto been observed on copper. An ordered phase where the molecules are standing up with tilt angles between 12°and 25°, almost independently of molecular chain length (n ) 6-16), has been identified from X-ray absorption (NEXAFS, near-edge X-ray absorption fine structure) measurements on various low Miller index Cu surfaces.
14-18 Annealing of such mono- layers causes molecular dissociation with the sulfur remaining at the surface.
In this paper, we report on the adsorption of dodecanethiol (n ) 12) on a Cu(110) surface, using thermal desorption spectroscopy (TDS), variable temperature scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and low-energy electron diffraction (LEED). The main focus of the present study is on the structural changes that accompany the transition from an initially physisorbed layer to a close-packed layer of dehydrogenated thiolate molecules. The study of this transition has, in part, been enabled by the right choice of a alkyl chain length for the alkanethiol molecule: since the molecular physisorption energy increases with the chain length, 4 which is reflected by the temperatures for desorption and transition from physisorbed to chemisorbed states, respectively, the transition rate at room temperature is reduced for longer thiols and thus allows the detailed study of the intermediate phases. Previous structural studies were not able to investigate the physisorbed phase and the subsequent transition since they were performed at room temperature for short alkanethiols (n < 8). 11, 19, 20 The main results from the present multitechnique investigation can be summarized as follows. At the lowest temperature investigated, 110 K, we find an ordered layer of physisorbed molecules lying flat on the surface. At room temperature, a transition from a physisorbed to a chemisorbed state occurs. We observe two transient pinstripe structures which can be designated by ( 1 1 8 -2 ) and c(2 × 8) unit cells. Interestingly, indications exist that the former structure is a molecular double layer on top of the c(2 × 8) structure. Still at room temperature, these transient structures convert with time into a structure where the molecules are standing up, locally with an approximate c(2 × 2) arrangement, but exhibiting a long-range Moiré modulation resulting in a c(12 × 16) unit cell. Within a few hours, or by heating briefly to 345 K, a partial dissociation of this saturated thiolate film is observed, leading to the coexistence of sulfide and thiolate, still maintaining the c(12 × 16) Moiré pattern. Upon annealing above 400 K, dodecanethiol desorbs dissociatively, resulting in a p(5 × 2) sulfur structure.
Experimental Section
The measurements reported here were performed in two different ultrahigh vacuum (UHV) systems. Thermal desorption spectroscopy, X-ray photoelectron spectroscopy, and low-energy electron diffraction were performed in one system described in detail elsewhere. 18 The STM measurements were obtained in another system, which is equipped with a home-built, variabletemperature scanning tunneling microscope 21 as well as an Auger electron spectrometer and a mass spectrometer for residual gas analysis.
In both instruments, a Cu(110) sample was prepared by repeated cycles of Ne-or Ar-ion sputtering followed by annealing above 800 K until a sharp LEED pattern with a low background signal was observed and the X-ray photoelectron/Auger electron spectra or STM images revealed no traces of impurities. Dodecanethiol (Sigma Aldrich, 98%), which had been purified thoroughly by freeze-pump-thaw cycles, was dosed onto the Cu surface through a leak valve from the vapor pressure of the liquid phase. The gas purity was monitored by mass spectrometry.
The STM images were typically recorded with a negative bias of -1.25 V applied to the sample and a tunneling current of around 0.6 nA. These parameters were found to be nondestructive since an influence from the scanning process on the thiol film was only observed if the tunneling current was increased to about 4 nA.
Results

TDS.
To survey the adsorption states of dodecanethiol on Cu(110), we first describe results from TDS measurements. Because of a high fragmentation probability of dodecanethiol upon ionization in the mass spectrometer, TD spectra were recorded simultaneously for the mass of the entire molecule (m ) 202) and the C 3 H 5 fragment (m ) 41) which was found to be the most probable fragment in the dodecanethiol gas-phase mass spectrum. Figure 1a shows a typical TD spectrum obtained after exposing the Cu(110) surface to 200 langmuir of dodecanethiol (1 langmuir ≡ 1 × 10 -6 Torr s) at a sample temperature of 170 K. Three different desorption peaks are observed at temperatures of 242, 362, and 392 K. Whereas the low-temperature peak could be measured for the mass of the entire molecule and the C 3 H 5 fragment, the other two peaks appeared only for the fragment. A similar result has been observed previously for the desorption of heptanethiol from Cu(110) 18 as well as for various alkanethiols on Cu(100). 12 In analogy to those studies, the lower temperature peak is attributed to multilayer desorption while the other desorption peaks reflect the dissociative desorption of alkyl chains upon S-C bond breaking, which is characteristic for alkanethiolate films on copper surfaces. 12 peak is tentatively attributed to two slightly different adsorption geometries for the thiolates.
Activation energies of 63 kJ/mol for desorption and 95 and 103 kJ/mol for dissociation were calculated from the temperatures of the corresponding desorption peak maxima by applying the Redhead formula 22 with a typical pre-exponential factor of 1 × 10 13 s -1 . To enable comparison with the STM data presented below, TD spectra were measured for two other adsorption conditions. First, TD spectra were recorded directly after saturating the surface with thiols at room temperature (Figure 1b) , in which case the same high-temperature desorption doublet is observed. Second, TD spectra were recorded after annealing such a saturated monolayer for 10 min at 345 K. As shown in Figure 1c , this leads to a quenching of the lower temperature peak of the doublet while the desorption peak at 392 K remains.
STM. Low-Temperature Deposition. Upon deposition of dodecanethiol at 110 K, an ordered overlayer is formed, as shown in the STM image in Figure 2 . The overlayer structure consists of elongated features approximately 6 Å wide and 17 Å long, stacked in parallel to form rows. The size of these molecular features agrees well with the length of a dodecanethiol molecule (15.2 Å), suggesting that the molecules are adsorbed parallel to the surface. Comparing STM images of this thiol structure to images of the bare surface, we find that the main axis of the molecules is rotated by (6°with respect to the [11 h0] direction of the substrate. The rotation leads to two mirror domains as indicated by the grids superimposed in the STM image (see Figure 2) .
The existence of ordered domains implies that individual molecules are mobile at 110 K. They diffuse on the surface until they are incorporated into the close-packed domains and become immobile. This picture is supported by the STM finding that the ordered domains have fuzzy edges, which we ascribe to molecules attaching and detaching in equilibrium with a surrounding lattice-gas phase.
Room-Temperature Deposition. Next, results obtained by depositing and imaging the molecules at room temperature are presented. Upon gradually increasing the exposure, clear evidence for adsorbed dodecanethiol was not observed until the surface was completely covered by an unordered molecular layer. This layer developed within a few minutes into the ordered structures discussed below. We attribute the failure to observe dodecanethiol at submonolayer coverage to a high molecular mobility on the unsaturated surface at room temperature. This is further supported by the finding that the STM images recorded at low coverage show a high degree of noise and streakiness. Figure 3 shows a large-scale STM image of the dodecanethiol monolayer after room-temperature saturation. Two coexisting structures (denoted R and ) can be identified, with the R phase existing as two reflection domains, R 1 and R 2 .
A high-resolution STM image of the R 2 structure is depicted in Figure 4a . The structure consists of elongated entities arranged in rows to give the characteristic striped appearance seen in Figure 3 . The periodicity along/ perpendicular to the stripes is 4.4 and 21.6 Å, respectively,and the stripes are oriented at angles of (55°with respect to the [11 h0] direction for the two reflection domains. In matrix notation, the R phase can be described by the ( (1 1 (8 -2 ) unit cell shown in Figure 4a . A height profile of the R structure is shown in Figure 4e , revealing a corrugation of about 0.9 Å. The STM images do not allow an unambiguous determination of the detailed molecular arrangement within this layer. However, to relate the structure of the R phase to the size of the dodecanethiol molecules, a possible molecular adsorption geometry, consisting of molecules adsorbed parallel to the surface with their sulfur atoms at the bright terminations of the elongated features, is indicated in the figure.
At some places, features were observed, as indicated by the arrow in Figure 4b , which appear to be holes in the R phase. As can be seen in the height profile depicted in Figure 4f , these holes have a depth of around 0.7 Å. The structure found at the bottom of the holes, denoted γ, is depicted at high resolution in Figure 4c [001] directions, respectively, corresponding to a c(2 × 8) unit cell as shown. A tentative suggestion for a molecular adsorption geometry for the γ structure is superposed on the STM image in Figure 4c . The observation of the γ structure suggests the interesting possibility that the R phase described above might be a molecular double layer. A zoom-in on the structure is shown in Figure 4d . This structure has a characteristic long-wavelength modulation with a corrugation amplitude of approximately 1.1 Å, as can be seen in the line scan in Figure 4g . The center-to-center distance between the protrusions of this long-range pattern is 31 and 58 Å along the [11 h0] and [001] directions, respectively, corresponding to a c(12 × 16) structure (indicated in the figure). By zooming further in on this structure, a molecular-level fine structure is revealed which appears consistent with a local c(2 × 2) arrangement of the adsorbed species (a comparatively high noise level in these images prevents direct, unequivocal identification of long-range c(2 × 2) order in this layer). We attribute the structure to molecules in an upright geometry, and as will be discussed in more detail below, the c(12 × 16) modulation is ascribed to a Moiré pattern resulting from a mismatch between the overlayer of approximate c(2 × 2) structure and the underlying substrate.
To directly investigate the evolution with time of the molecular overlayer structures, a series of consecutive STM images were acquired of the same area on the surface (STM movies). By following the area depicted in Figure  3 for 130 min at room temperature, it was found that the two reflection domains of the R structure convert reversibly into each other. More interestingly, both R structures could be seen to convert into the structure. This eventually resulted in the phase covering the entire surface after about 2 h, demonstrating that this phase is the energetically most favorable. However, the reverse to R conversion was also observed occasionally at the boundaries between these phases demonstrating local reversibility of the phase transition.
If the saturated monolayer formed at room temperature is annealed gently at 345 K for 10 min, the structure shown in Figure 5 is formed. This ′ structure differs only slightly from the structure observed at room temperature and still reveals the long-range order associated with the c(12 × 16) Moiré pattern. A probable reason for the different appearances of the two structures might be the onset of a partial dissociative desorption, as evidenced by the above-mentioned TDS results and XPS measurements discussed in the following.
When the molecular film is annealed above 420 K, the molecules desorb dissociatively resulting in a p(5 × 2) sulfur structure. 23 Finally, we note that evaporation of dodecanethiol at room temperature introduces step faceting, changing the steps of the clean Cu(110) surface into the rectangular step features noticeable in Figure 3 . This effect becomes even more pronounced when the structure is fully developed. This step faceting is evidence for a substantial mobility of the substrate atoms at room temperature and/ or possible adsorbate-mediated substrate modifications.
XPS. To identify and characterize the different chemical adsorption states, temperature-dependent XPS measurements were carried out. Cu(110) surface taken after an exposure of about 10 langmuir at 110 K and after saturating the surface at 300 and 350 K, respectively. All spectra have been referenced to a Cu 2p 3/2 line energy of 932.4 eV. 24 To determine the exact peak positions, the S 2p doublets were fitted by two Gaussian curves with a fixed intensity ratio of I 3/2 /I 1/2 ) 2 and a fixed energy separation of 1.3 eV. While the position of the carbon peak remains almost constant at 285 eV, a temperature-dependent shift of the S 2p 3/2 binding energy was observed. A fit to the room-temperature data yielded a S 2p 3/2 binding energy of E B ) 162 eV. By comparison, the sulfur peak observed for the low-temperature preparation is substantially broader and can be well decomposed into two S 2p doublets with S 2p 3/2 binding energies of 162.8 and 164 eV. A very similar result has been observed recently in a high-resolution XPS study of the adsorption of butanethiol on Cu(110) by employing synchrotron radiation. 26 There, a physisorbed thiol monolayer and thiol multilayers could be clearly distinguished and corresponding S 2p 3/2 binding energies of 162.6 and 164.0 eV, respectively, have been determined. Thus, the present low-temperature measurements indicate a coexistence of a physisorbed monolayer and thiol multilayer. Moreover, the distinct reduction of the sulfur binding energy by about 1 eV when going to room temperature has been obtained before also for other cases of alkanethiols on copper surfaces and reflects the thiolate formation upon deprotonation of the sulfur headgroup. 12,18, 25 The analysis of the corresponding peak intensities, determined by integration of the fitted Gaussians after a linear background subtraction, yielded a C 1s/S 2p 3/2 intensity ratio of 12.6 ( 1 for 110 K, while it increases to 16.2 ( 1 for a film preparation at 300 K. This change is attributed to an enhanced attenuation of the S 2p line through the upright-tilted alkyl chains 14-16 of the saturated thiolate phase compared to the flat-lying physisorbed alkanethiol molecules on copper. 13 By following the XPS intensities with time, the stability of the saturated monolayer films could be followed. As shown in Figure 7a , the C 1s/S 2p 3/2 intensity ratio decreases from an initial value of 16.2 ( 1 after preparation to about 12 ( 1 within 200 min and subsequently remains constant at this level for a further 800 min. A similar reduction of the C 1s/S 2p 3/2 intensity ratio was observed upon annealing of the thiolate film briefly to 350 K. Since the close packing of the saturated thiolate monolayer does not allow the molecules to tilt downward again, this decrease in the ratio is explained by a partial degradation of the dodecanethiol film causing the carbon intensity to decrease while the sulfur coverage remains essentially constant. We estimate that the alkyl chain density is reduced by about 20-25% at room temperature after equilibration.
A similar change in intensities was observed previously for various alkanethiol films on Cu(100), 12 where it was shown that the partial deterioration was not caused by radiation-induced damages. To exclude radiation damages in the present experiment, the recording time for each XP spectrum was limited to about 10 min and the X-ray source was switched off between the different time-resolved measurements.
A small shift of the sulfur S 2p 3/2 binding energy to E B ) 161.5 eV accompanies the decrease in the C 1s/S 2p 3/2 intensity ratio upon annealing to 345 K (see Figure 6) . Unfortunately, the resolution in the present experiments was not sufficient to directly resolve the anticipated sulfide species in the XPS data. We note, however, that the presence of such sulfide species has been clearly identified in a recent high-resolution XPS experiment by using synchrotron radiation. 26 Upon additional annealing at elevated temperatures, a further decrease of the C 1s/S 2p 3/2 intensity ratio was observed as shown in Figure 7b . The corresponding XP spectra were all recorded at room temperature after the sample was held at the indicated temperature for about 1 min. The intensity ratio starts to decrease already above room temperature and vanishes almost completely after heating to 400 K. This reflects that at temperatures above 400 K, complete dissociative desorption of all alkyl chains occurs with the sulfur remaining on the copper surface, in good agreement with the conclusions from the TDS and STM measurements.
LEED. To further characterize the long-range ordering of the dodecanethiol films, low-energy electron diffraction Evolution of the intensity ratio of the C 1s and S 2p3/2 XP peaks for dodecanethiol adsorbed at room temperature as a function of (a) time and (b) the subsequent annealing temperature. The data of (b) were all recorded at room temperature after the sample was held at the displayed annealing temperatures for 1 min. measurements were carried out. To prevent possible damage to the film from the electron beam, all LEED measurements were performed with a microchannelplate LEED system operated with a typical incident electron beam current of 100 pA. In view of the soft external vibrational modes of thin organic films, 13,27 which lead to a strong Debye-Waller attenuation of the diffraction peaks, the sample was cooled to below 120 K after preparation before recording the LEED pattern. Attempts to observe any diffraction pattern for a physisorbed dodecanethiol layer prepared by exposing the sample held at 120 K were not successful. Instead, only an enhanced diffuse background signal was obtained.
After saturating the Cu(110) surface with dodecanethiol at room temperature, rather broad diffraction peaks at c(2 × 2) positions were obtained accompanied by an enhanced diffuse background as displayed in Figure 8a . Although these spots clearly reveal an internal intensity modulation, analysis of the underlying superstructure is hampered by a weak contrast. Previous studies have shown that saturation thiolate structures on various copper surfaces do not depend on the chain length 11, 12, 20 while the contrast of the corresponding LEED patterns decreases with increasing chain length due to an attenuation of the diffraction intensity by the chains itself. 12 Inspired by these observations, and in order to facilitate a more detailed structure analysis, additional LEED data were also recorded for saturated monolayers of shorter alkanethiols with chain lengths ranging from n ) 2-7 on the Cu(110) surface. Figure 8b displays the corresponding LEED pattern for ethanethiol, which has a structure identical to those obtained for the other chain lengths. It clearly reveals a narrow mesh of diffraction spots, as depicted schematically in Figure 8c , in agreement with a c(12 × 16) superstructure. Since diffraction spots were only observed near the c(2 × 2) positions, these data can be interpreted in terms of a Moiré pattern consisting locally of a c(2 × 2) structure with a slight lattice mismatch forming the large c(12 × 16) unit cell as shown schematically in Figure 8c . The LEED data for the ethanethiolate monolayer is thus consistent with the large-scale periodicity observed in the STM images for the saturated dodecanethiol layer.
Returning to the LEED data for dodecanethiol, we note that no diffraction pattern was found corresponding to the intermediate pinstripe phases observed in the STM measurements. After annealing of the dodecanethiol film (as well as the shorter alkanethiol films) above 400 K, a sharp (5 × 2) LEED pattern was observed, in agreement with the STM observation of such a sulfur structure. 23
Discussion
In the following discussion, the different observations from the present multitechnique study will be interrelated and compared to the existing literature in order to form a coherent picture of the adsorption of dodecanethiol on Cu(110).
Adsorption of dodecanethiol at low temperatures (110 K) leads to the formation of a physisorbed layer with an ordered pinstripe structure exhibiting two reflection domains (see Figure 2) . The STM data suggest an orientation of the molecules parallel to the surface which is corroborated by the C 1s/S 2p 3/2 intensity ratio in the corresponding XPS measurements. The same molecular orientation has been derived from an analysis of the lowenergy vibrational modes for heptanethiol physisorbed on Cu(110). 13 It is interesting to compare this physisorbed phase with the monolayer structure adopted by saturated hydrocarbon chains on the same surface. For octane on Cu(110), a p(5 × 6) monolayer structure has been identified in which the alkane molecules are aligned with the close-packed [11 h0] direction of the anisotropic surface. 28 In the present low-temperature dodecanethiol film, the molecules are rotated by (6°with respect to the close-packed direction, demonstrating the important influence of the endgroups on the resulting film structure.
The low-temperature physisorption structure could not be observed by LEED. We attribute this to the wide spread of diffraction spots due to the large unit cell size together with the domain structure and the small scattering cross section of S and C compared to the substrate which in combination result in weak diffraction spots (especially at out-of-phase conditions with respect to the substrate).
The observed shift of the XP S 2p 3/2 peak binding energy from about 163 eV at 110 K to 162 eV at room temperature indicates that full or partial conversion from physisorbed molecules to thiolates has occurred at the latter temperature. The expected desorption temperature for physisorbed dodecanethiol molecules can be obtained from extrapolation of the corresponding desorption temperatures obtained for shorter alkanethiols. 26 This is possible because the physisorption energy scales almost linearly with the chain length due to the molecular adsorption geometry parallel to the surface. 4 By this approach, we estimate the expected desorption temperature for physisorbed dodecanethiol to be 320 ( 10 K. This temperature band is indicated by the shaded region in Figure 1 but does not coincide with any desorption peaks. In fact, the TDS signal for the mass of the entire molecule shows no spectral features above the multilayer desorption peak at about 240 K. In combination with the XPS results, this demonstrates that a complete conversion of the dodecanethiol molecules into chemisorbed thiolate species occurs during the thermal ramp of the desorption measurements. On the other hand, the chemical transition rate is reduced at room temperature where typical conversion times of up to several hours were found from the time-resolved XPS data of Figure 7a . This enabled the observation by room-temperature STM of several intermediate structures appearing during the formation of a saturated thiolate layer. Upon evaporation of dodecanethiol at room temperature, initially a substantial surface mobility was inferred from the inability to perform STM imaging at submonolayer coverages. Again, this suggests that the individual molecules are initially adsorbed in a physisorbed precursor state which only becomes observable with STM once the molecules form a continuous island or film.
The first ordered structure formed upon room-temperature deposition is the pinstripe R phase with a ( 1 1 8 -2 ) unit cell. With time, this structure converts into the phase characterized by local approximate c(2 × 2) order and a long wavelength Moiré modulation described by a c(12 × 16) unit cell.
It may seem tempting to equate the physisorption to chemisorption transition observed with XPS and TDS with the structural R to phase transition observed by STM. However, since a hydrogen atom is lost upon deprotonation to form chemisorbed thiolate species, the local reversibility of this phase transition, as seen in the STM movies at the boundaries between the two phases, strongly suggests that the molecular species in both the R and phases are in the same, chemisorbed, state.
29
The saturated monolayer of the structure is thermally metastable. Gentle annealing of the film at 345 K leads to a partial, dissociative desorption of the alkyl chains and causes a reduction of the film density. This is evidenced by the observed decrease of the C 1s/S 2p 3/2 intensity ratio in the XPS data. Interestingly, the resulting ′ structure has essentially the same lateral structure as the structure, as seen by STM. The time-lapsed XPS measurements shown in Figure 7a indicate that a similar partial degradation of the film takes place on a time scale of several hours at room temperature. This demonstrates that the stable room-temperature saturation phase comprises coexisting thiolate and sulfide species. Such an instability has been observed previously for the adsorption of alkanethiols of various chain lengths on Cu(100) 12 and thus seems to be quite general for the adsorption of thiolates on copper surfaces.
Heating the saturated film above 400 K causes a complete dissociative desorption of the alkyl chains, as observed by XPS and TDS, and leads to the formation of locally ordered domains of a p(5 × 2) sulfur structure identical to that which has been observed before upon deposition of sulfur on Cu(110). 23 We now discuss the structure in more detail. In general, the formation of a Moiré pattern can be explained by a coincidence mesh between two layers with a slight lattice mismatch. In the present case, this could be realized either by a periodic substrate relaxation or by slight expansion/compression of the molecular overlayer away from a commensurate c(2 × 2) structure (as shown schematically in Figure 9a,b) . Although the appearance of surface stress upon chemisorption of molecules has been demonstrated, 30 a stress release pattern being the reason for a periodic substrate surface relaxation seems unlikely in the present case, since no evidence for such a modulation was found even for the stronger bond sulfur in the bare p(5 × 2) structure after thermal desorption of the alkyl chains. A primitive c(2 × 2) structure on the Cu(110) surface (i.e., with one molecule per unit cell) yields a molecular packing area of 18.4 Å 2 per molecule, very close to the molecular packing area of 18.6 Å 2 found in bulk alkanethiols. A closer inspection reveals, however, very anisotropic nearest neighbor distances. While the molecules are separated by 5.1 Å along the [11 h0] direction, the separation is only 4.4 Å along [11 h1] compared to a spacing of 4.6 Å in a hexagonal close-packed configuration. Thus, a driving force for small relaxations in the c(2 × 2) structure could be a tendency of the alkane chains to maintain an isotropic intermolecular packing distance close to the bulk value. Using a simple hard-ball stacking model, we have explored the coincidence meshes for a large variety of modified c(2 × 2) overlayers on an unperturbed (110) substrate, resulting in Moiré periodicities with, or close to, the experimentally observed c(12 × 16) unit cell. The best agreement with the STM data is found for the model displayed in Figure 9b interconnections are even more pronounced after annealing, as shown in Figure 5 . The lack of complete agreement between the STM image and a simple hard-ball stacking model on an unperturbed substrate suggests that the observed Moiré pattern may result from a more complicated mechanism, perhaps also involving a lateral relaxation of the Cu substrate, similar to that observed for a sulfate-covered Cu(111) surface. 31 No evidence for a pronounced reconstruction of the Cu(110) substrate underneath the dodecanethiol layer was found in the present STM and LEED data. This is in contrast to the complete rearrangement of the top layer that has been observed following the adsorption of thiols on Cu(111).
11,20 The reconstruction on Cu(111) has been attributed to the tendency of sulfur atoms to occupy 4-fold coordinated sites. The observed stability of the rather open Cu(110) surface is likely to be explained by the availability of such specific adsorption sites in combination with the close agreement between the molecular packing area in the structure and in bulk alkanethiols. While the surface terraces do not appear to reconstruct, significant step faceting occurred upon formation of the saturation structure as seen from Figure 3 .
As mentioned earlier, indications exist that the R phase is a molecular bilayer. First, high-resolution STM images, like the one shown in Figure 4b , directly reveal features which appear to be holes within the R phase, exhibiting a c(2 × 8) superstructure (γ phase). Second, the existence of a bilayer is corroborated by consideration of the molecular densities of the different structures. The areas per molecule in the R and γ phases are 92.1 and 73.6 Å 2 , respectively, if one/two dodecanethiol molecules for each ( (1 1 (8 -2 )/c(2 × 8) unit cell is assumed, as seems reasonable from the dimensions of the dodecanethiol molecules tentatively superposed on the corresponding STM images. The c(2 × 2) saturation structure has a considerably higher molecular packing density with one upright molecule per 18.4 Å 2 . The observed local reversibility of the R to phase transition is facilitated if extensive mass transport is not required. Although the combined density of the R and γ structures still does not fully suffice to provide the molecular density in the structure, these considerations support the conclusion that the R phase is a molecular double layer.
Conclusions
The adsorption of dodecanethiol on a Cu(110) surface has been studied by STM, LEED, XPS, and TDS with a particular emphasis on the transient structures that appear upon formation of a saturated thiolate monolayer.
At the lowest temperature of 110 K, an ordered layer of physisorbed molecules is observed. By choosing a fairly long chained alkanethiol, the physisorption energy becomes so large that the transition into chemisorbed species, that is, thiolate formation, sets in before desorption of the physisorbed species occurs. This allows a number of intermediate adsorption structures to be observed at room temperature. Two intermediate pinstripe structures are observed, and indications exist that they are both part of a molecular double layer. These structures transform into an approximate c(2 × 2) saturation phase. This closepacked structure reveals a long-range c(12 × 16) modulation. The saturated thiolate film is thermally metastable since partial dissociative desorption of about 25% of the alkyl chains has been observed after several hours. The resulting saturation structure consists of a coexisting thiolate and sulfide species. Heating the saturated film above 400 K causes a complete desorption of the alkyl chains, resulting in a p(5 × 2) sulfur structure.
